Earlier work showed how a nucleon optical model wave function could be defined as a projection of a many-nucleon scattering state within a translationally invariant second quantised many-body theory. In this paper an optical potential operator that generates this optical model wave function is defined through a particular off-shell extension of the elastic transition operator. The theory is express explicitly in terms of the many-nucleon Hamiltonian in a mixed representation in which localised target nucleus states feature. No reference to a mean-field concept is involved in the definition. It is shown that the resulting optical model operator satisfies the requirements of rotational invariance and translational invariance and has standard behaviour under the time reversal transformation.
Earlier work showed how a nucleon optical model wave function could be defined as a projection of a many-nucleon scattering state within a translationally invariant second quantised many-body theory. In this paper an optical potential operator that generates this optical model wave function is defined through a particular off-shell extension of the elastic transition operator. The theory is express explicitly in terms of the many-nucleon Hamiltonian in a mixed representation in which localised target nucleus states feature. No reference to a mean-field concept is involved in the definition. It is shown that the resulting optical model operator satisfies the requirements of rotational invariance and translational invariance and has standard behaviour under the time reversal transformation.
The contributions to the optical potential from two different exchange mechanisms are expressed in terms of an effective Hamiltonian involving a nucleon-number conserving one-body interaction. In the weak-binding limit the method reduces to a a version of Feshbach's projection operator formulation of the optical potential with a truncated nucleon-nucleon potential including exchange terms and recoil corrections.
Definitions of the nucleon single-particle Green's function and the corresponding Dyson selfenergy modified by corrections for translational invariance are presented and different definitions of the optical potential operator are compared. Theories describing nucleon scattering from an A-nucleon target in terms of fundamental 2-and 3-body inter-nucleon interactions are of considerable current interest. An extensive recent review of the optical potential approach is given in [1] . Apart from the case of very light targets all theories cited in [1] ignore the full implications of translational invariance.
As a step towards correcting this situation, earlier work [2] showed how a nucleon optical model wave function could be defined as a projection of a many-nucleon scattering state within a translationally invariant second quantised many-body theory. In sub-Sections II Aand II B the results of [2] are reviewed briefly. In Sections II C-II D, in a natural development of [2] , an optical potential operator that generates the optical model wave function is defined in terms of a particular off-shell extension of the elastic transition operator and expressed explicitly in terms of the many-nucleon Hamiltonian. No reference to a mean-field concept is involved in this definition which is shown to produce an optical potential that satisfies the requirements of rotational invariance and translational invariance and has a standard behaviour under the time reversal transformation.
In sub-Sections II E-II G the new definition is used to distinguish the contributions from two different exchange mechanisms to the optical potential, knock-out exchange and heavy particle stripping. For an A-nucleon target these two contributions are expressed in terms of an effective Hamiltonian involving a nucleon number conserving interaction acting within A-nucleon and (A − 1)-nucleon sub-spaces. Section III shows how the heavy particle stripping term is related to the hole-term in the Lehmann, Symanzik and Zimmermann representation of the transition operator [5] . In Section IV it is shown that in the weak-binding limit the theory reduces to a modified version of Feshbach's original theory of the optical potential [3] .
In Section V a modified single-particle Green's function and Dyson self-energy are derived. The associated definition of an optical potential is compared with that given in Section II .
Concluding discussions can be found in Section VI and acknowledgements in Section VII. Details of some of the derivations are collected in an Appendices A-E.
The inclusion of recoil effects in many-body theories of the optical potential was discussed by Redish and Villars [4] . Their work derived corrections to systematic perturbation methods about a mean field. Although much of the analysis in this paper shares with [4] the use of techniques developed in [5] , no attempt is made here to develop a perturbation theory. The motivation here is rather to write down a theory of the optical potential that explicitly satisfies anti-symmetry and translational invariance requirements and brings out the physical content in a way that bridges the gap between many-body theory and standard nuclear reaction theory ideas.
II. THEORY OF THE NUCLEON OPTICAL POTENTIAL.
A. The optical model wavefunction.
In [2], the optical model wave function, ξ ǫ E,k0 (r), corresponding to the elastic scattering of a nucleon of momentum k 0 in the overall c.m. system by an A-nucleon target in its ground state was formally defined as a matrix element between many-nucleon states in Fock-space through the formula
.
(
The operator ψ(r) destroys a nucleon at a point labelled r. The notation r will be taken to include spin and iso-spin coordinates of a nucleon unless it is obvious that only space coordinates are referred to by the context. The notation | and | denotes kets and bras in Fock-space. The ground state energy will be taken to be the zero of energy so that total c.m. energy E is related to k 0 on the energy shell by
where µ mA is the nucleon-target reduce mass
In order to make subsequent formulae have a simpler appearance the difference between neutron and proton rest masses will be ignored. The ket on the right of eq.(1) is the Fock-space scattering state[2]
where H is the many-nucleon Hamiltonian operator in Fock-space. In the limit ǫ → 0
describes an antisymmetric (A+1)-nucleon scattering state of total momentum zero in the overall c.m. system. The incident channel has an incident nucleon with momentum k 0 . In this channel the A-nucleon target has a total momentum −k 0 and is in its ground state ψ 0 . All other channel components of
have purely outgoing waves asymptotically. It will be assumed that all Coulomb interactions are screened at large separations. The factor (2π) 3/2 arises because a † k0 creates a normalised plane wave state, whereas scattering states are conventionally normalised to an incoming plane wave of unit amplitude.
The bra Ψ(0, x = 0) | on the right of eq.
(1) describes a state in which the target is in its ground state and its c.m. is located at the origin of coordinates, x = 0. This is one of the complete set of A-nucleon Fock-space states, | Ψ(n, x) , formed from an intrinsic state, ψ n (r 1 , . . . , r A ), and and having a c.m. located at position x.
where
The state ψ n is an eigenstate of the intrinsic part of the A-nucleon Hamiltonian H A
where P is the momentum operator in Fock-space
The state ψ n (r 1 , . . . , r A ) is an eigenfunction of P with eigenvalue zero. The ket | −k 0 , ψ 0 in eq.(4) is an eigenfunction of P with eigenvalue −k 0 . In eq.
(1) the argument r of ξ ǫ E,k0
(r) can be interpreted as the position of the incident nucleon relative to the c.m. of the target, although of course in the scattering state the target c.m. is not at rest in the overall c.m. system. This is reflected in the complete uncertainty of the momentum of the bra Ψ(0, x = 0) | ψ(r). The translational invariance of H means that only the zero total momentum component of this bra contributes to the matrix element (1). 
The form eq.(9) takes in the ǫ → 0 is derived in Section V of [2] . A straightforward modification of the argument given there gives the finite ǫ version, eq. (9). The optical potential operatorV opt (E) will be defined as an operator in barycentric space (B-space), the space of a fictitious particle of mass µ mA , spin-1/2, position operatorr and momentum operatorp = −ı ∇ r , that enables eq.(9) to be written in the equivalent form
(r) + ıǫ exp(ık 0 .r).
The "hat" notation over a quantity will be use to denote operators in B-space, as opposed to the bare-headed operators of Fock-space. In general V opt (E) will be a non-local operator with matrix elements in the r-representation in B-spacê V opt (E; r, r ′ ), so that the first term on the right in eq.(9) has the form
To achieve the identification of this operator, eq.(9) must be written as a relation between operators and kets in B-space. This can be achieved in many ways. The choice made here results in an operator that conserves the total angular momentum in B-space and has features which permits a transparent representation of the physical processes involved. F ǫ k0 (r), given in eq. (10), is first rewritten using an expression for the scattering state, eq.(4), as a plane wave in the incident channel plus outgoing wave components. This step uses the Green's function identity [5] , eq.(3.42), page 315,
where G(z) = 1 (z−H) for arbitrary complex z and
It has been assumed that H can be expressed as the sum of a nucleon kinetic energy term T and an inter-nucleon potential energy term V . Acting on the ket | −k 0 , ψ 0
when eq. (2) is satisfied. The definition (4) can therefore be rewritten
and the expression (10) for F ǫ k0 (r) becomes
The first term on the right involves groundstate-groundstate matrix elements of V . In the second term the groundstate is coupled to a complete set of intermediate (A + 1)-nucleon states.
Recall that by definition in the state | −k 0 , ψ 0 the A-nucleon c.m. is in a plane-wave state of momentum −k 0 and unit amplitude and hence
where | Ψ(0, x) is one of the states defined in eq.(5). Eq.(17) can now be developed as
whereT
The role of the integration over x is to pick out the momentum zero component of the ket ψ † (r ′ + x) | Ψ(0, x) . This is particularly transparent when the properties of the total momentum operator P are used to write
Eq.(20) defines a fully-off shell transition matrix that is independent of the direction of the incident momentum k 0 . This feature will be essential for the angular-momentum conserving property of the optical model defined in the next section. All the terms on the right in eq. 
This estimate is finite for all A, and since (| r − r ′ |) max ∝ A 1/3 , decreases like A −2/3 for large A.
The momentum space matrix element between general normalised plane wave states of momenta k, k ′ that corresponds toT 0,0 (E + ıǫ; r, r ′ ) iŝ
The quantitiesT 0,0 (E + ıǫ; r, r ′ ) andT 0,0 (E + ıǫ; k, k ′ ) can be thought of as matrix elements of an operator in B-space,T 0,0 (E + ıǫ). Using this identification, eq. (9) can know be expressed entirely in terms of operators and kets in B-space.
is the kinetic operator in B-space for a particle of mass µ mA . The notation | > is used for kets in B-space. Eq.(24) has the solution
and where, for E = k 2 0 /2µ mA , the result ıǫĝ 0 (E + ıǫ) | k 0 ) =| k 0 has been used. Hence
whereΩ
The notation used forT 0,0 (E + ıǫ) reflects the fact that in the limit ǫ → 0, between plane wave states of unit amplitude and on-energy-shell wave numbers, this operator gives the elastic scattering transition amplitude and is related to the elastic scattering amplitude f 0,0 (k
C. Definition of the optical potential operator.
Standard many-body approaches to the definition of the optical model operator proceed through through the definition of the mass operator associated with the nucleon single-particle Green's function [1] . A different path via the off-shell elastic transition operator is followed here. The optical potential will be defined as the non-local operator in B-space that is related toT 0,0 (E + ıǫ) bŷ
This definition assumes that the operatorΩ defined in eq. (29) has an inverse so that eq.(31) has the solution
To verify that the definition (31) produces an equation for ξ ǫ E,k0
(r) of the form (11) note that ifV opt satisfies eq.(31)
Referring to eq.(24), the equality (33) implies that ξ ǫ E,k0
(r) satisfies
confirming thatV opt does indeed plays the role of an optical potential operator.
The optical potentialV opt as defined by eq. (31) is not unique because the operatorT 0,0 (E + ıǫ) is not unique. Any operatorT ′ 0,0 (E + ıǫ) with the propertŷ
when the half-on-shell condition E = k 2 0 /2µ mA is satisfied, will generate the same optical model wave function aŝ T 0,0 (E + ıǫ) when used in eq. (11) . However, when used in eq.(31) it will give a differentV opt (E) if its half-off-shell momentum matrix elementsT ′ 0,0 (E + ıǫ) | k with k = k 0 differ from those ofT 0,0 (E + ıǫ) because these matrix elements will contribute to the explicit solution, eq.(32). An example of alternative definition of the optical potential is discussed in Section V C.
The particular choice of off-shell extensions forT 0,0 (E + ıǫ) as defined in eqs. (20) and (23) have the feature that the resulting operator conserve angular momentum in B space (see Appendix A 1) and have standard transformation properties under time reversal (see Appendix A 2) .
E. Interpretation of the optical potential operator defined by eq.(31).
The formal expressions (20) and (23) for the the transition operatorT 0,0 describe the many different reaction mechanisms that contribute to elastic scattering, such as direct and exchange scattering and heavy particle stripping. The relative importance of these mechanism varies with, for example, the incident energy and the mass of the target. In this section it is shown how some of these effects can be separated out from the formal expressions.
The definition in eq.(23) is repeated here for convenience.
The first, Born, term on the right of eq.(36) is the sum of two terms that describe quite different physical processes. Using
givesT
andT
The significance of this separation becomes clear when the commutator and anticommutator are evaluated for a general additive, non-local two-body interaction V . In a momentum-space basis
where the subscript A indicates that the matrix element involves normalised antisymmetrised two body states. For this V the commutator and anti-commutator that appear in the Born terms give
and
or, in terms of non-antisymmetrised matrix elements of V
The anti-commutator term (43) has the form of a nucleon-number conserving effective one-body operator including direct and exchange matrix elements of the nucleon-nucleon interaction. Scattering and excitations of the target induced by this operator can proceed through low nucleon momentum components in the target ground state and momentum transfer components that can be found in the short range interaction V .
On the other handT shows that the incoming momentum k ′ has to be found in the target ground state wavefunction. These are "heavyparticle stripping" terms, in standard text-book language [6] , page 93. In contrast, the first interactions inT
are direct and exchange scattering of the incident nucleon by a target nucleon. It would be expected that, except at very low incident energies and/or very small A when momentum components arising from target recoil may be comparable to the incident momentum, elastic scattering would be dominated by the processes described inT 
In the next several subsections it will be shown that the complete transition operatorT 0,0 can be written
0,0 , and not only the Born contributionT
, can be expressed entirely in terms of matrix elements of V in the A-nucleon sub-space. 
Note that if the nucleon-nucleon interaction V is Hermitian then
Eq.(36) forT 0,0 can now be writtenT
It will be shown below that, acting on the A-nucleon intermediate states that contribute to the Green's function term in eq.(52), the operator
can be expressed in terms of matrix elements of V in the A-nucleon sub-space.
For a translationally invariant nucleon-nucleon interaction V matrix elements of the operator V satisfy
This result is most simply derived by noting that the delta-function dependence on the momenta k, k ′′ , k ′ , k ′′′ follows from the momentum conservation properties of the matrix elements of V and the structure of V in terms of creation and destruction operators. Choosing k, k ′ , k ′′′ as the independent variables and integrating over k ′′ using
gives the result (53). A similar useful formula results when k, k ′ , k ′′ are chosen as the independent variables:
Eqs.(53) and (55) are special cases of a more general result derived in the Appendix A 4. Note that eqs.(53) and (55) imply that
Using eqs. (53) and (55) together with the result, valid for a translationally invariant H,
allows eq.(52) to be writteñ
It is convenient here to generalise the concept of B-space introduced at the beginning of Section II B to include the space of A-nucleon target states ψ n . These target nucleons interact with the fictitious particle of reduced mass introduced in Section II B but they are not identical to it. A basis in this space is, by definition, an orthonormal set of states | k, n , n = 0, . . . , ∞, where the fictitious particle has momentum k and the target nucleons have an intrinsic state n and a total momentum −k. The interaction between the particle and the target is described by an operator U in this extended space with matrix elements defined in terms of the Fock-space elements ofV by
where V is the interaction defined in eq.(46). The Hamiltonian of the system "fictitious particle+A target nucleons" isĤ
whereT is the kinetic energy operator associated with a particle of mass
The introduction of this extended space is useful because the Fock-space states G(E + ıǫ)a † k | −k, ψ n that appear in eq.(52) can be expressed in terms of the Green's function associated with the HamiltonianĤ. It is shown in Appendix B, that the states G(E + ıǫ)a † k | −k, ψ n , E fixed k, n, arbitrary, satisfy the set of coupled equations eq.(B5). In terms of matrix elements in extended B-space these equations can be written
with solution
The quantity on the left is a ket in Fock space and the right-hand-side is a linear combination of Fock space kets with coefficients that are matrix elements in the extended B-space introduced before eq.(60). Using (63) in eq.(58) forT
or, expressed entirely in terms of matrix elements of operators in the extended B-spacẽ
whereĜ (E + ıǫ) = 1
is the matrix of one-nucleon transition density matrices of the A-nucleon system in momentum space.
G. Summary of Section II.
From eqs. (40) and (65) the complete exact formula for the off-shell transition matrix is
Explicit expressions relating the matrix elements ofÛ in the | k, n basis and matrix elements of the nucleon-nucleon interaction V between Fock space states follow from eqs.(59) and (46):
The first two terms on the right in eq.(68) are expressed in terms of matrix elements of a one-body nucleon-numberconserving nucleon-nucleus interaction between eigenstates of the A nucleon Hamiltonian. In this sense they have a similar structure to Feshbach's theory of the optical model [3], but with both direct and exchange components of the nucleon-nucleon interaction included inÛ. However, because of the factor 2 in front of the first term and the occurrence ofK A the first two terms do not have the standard form expected for the transition matrix associated with the HamiltonianĤ of eq.(60). If they did, and the "heavy-particle stripping term" were neglected, the solution of eq,(31) for the nucleon optical model operator would simply be the operator defined by Feshbach (see Appendix (D)) corresponding toĤ but with a nucleon with the appropriate nucleon-target reduced mass and matrix elements of the nucleon-nucleon corrected for recoil as in eq.(69). It will be shown in sub-Section (IV) that in the weak-binding limit [12] this identification can be made with a modified definition ofÛ , but there appears to be no general justification for optical model developments that attempt to take antisymmetry into account in Feshbach's approach by simply adding knock-out exchange terms, even when the "heavy-particle stripping term" is neglected.
III. THE HEAVY-PARTICLE STRIPPING TERM AND THE LEHMANN, SYMANZIK AND ZIMMERMANN REPRESENTATION.
In standard many-body theories of the optical model that make the link with the nucleon single-particle Green's function, the second term on the right in eq.(68), referred to here as the "heavy particle stripping term", is transformed using the identity
This result is derived in Appendix C. The convention of a zero value for the target ground state intrinsic energy, E 0 , has been abandoned temporarily to aid comparison with other treatments. [5] , [1] . Note that for a stable ground state the denominator ( 
The structure of the denominator in the third term on the right can be understood as follows. A state of energy E 0 + ǫ k ′ /A − ǫ k is obtained when a nucleon of momentum k is knocked out of an incident channel A-nucleon state that has momentum −k and energy E 0 + ǫ k ′ /A. The appropriate on-shell intermediate (A − 1)-nucleon energy that should appear in the denominator is therefore
Eq. (71) is the Lehmann, Symanzik and Zimmermann (LSZ) formula for the elastic transition operator, when the third contribution is referred to as the hole term. The LSZ formalism usually appears in a time-dependent version of scattering theory. The development here closely follow the methods of ref. [5] modified to incorporate the requirements of translational invariance along the lines of [2] . The LSZ formula lends itself well to a systematic development in terms of all contributions from the nucleon-nucleon interaction V , including those in the ground state wave function. A new definition of the one particle Green function used in this approach, including recoil corrections not included in standard treatments, is described in Section V A below.
Using the techniques described in sub-Section (II F) the "heavy particle stripping term", as expressed in the LSZ form, eq.(70), can also be written in terms of in terms of matrix elements of the one-body nucleon-nucleus interaction V, but between eigenstates of the (A − 1) nucleon Hamiltonian.
IV. THE WEAK-BINDING LIMIT.
The weak-binding limit is discussed at length in [7] , pages 775-780. The essential idea is that for sufficiently high incident momentum k ′ and a sufficiently weakly bound target it is improbable that a nucleon in the target nucleus will be found with momentum greater than k ′ . In the present context these ideas can be exploited by using an alternative exact form for the commutator [a k , V ] − , eq. (42) :
The theta function θ(x) is defined by
The theta function means that the integration is restricted to the region |k 3 | > |k 2 . There is no restriction on the limits on any of the other eigenvalues (momentum direction, spin and iso-spin) involved in the definition of the single nucleon states | k . 
Similarily eq.(42) can be replaced by
To this approximation both [a k , V ] − and [V, a † k ′ ] − can be written in terms of a new one-body operatorV defined bȳ
as
Similarily, from eqs.(39) and (43), the Born termT
can also be written in terms ofV.
where in the neglected terms in the last line at least one nucleon of an interacting pair that has a momentum to be found in the ground state and greater than k or k ′ . The same approximation eliminates the "heavy particle stripping" term.
Proceeding as in subsection (II F), eq. (68) is replaced by the the weak-binding elastic transition matrix
It is consistent with the weak-binding assumptions to use the approximation
The interactionÛ W B that appears inT
is an operator in extended B-space and is defined in terms of the nucleonnucleon interaction V by, c.f. eq.(69),
Eq.(79) will be recognised as the standard formula for the off-shell elastic transition matrix associated with the Hamiltonian (81), including all target excitations induced by the interactionÛ W B . This is just the physical system studied by Feshbach [3] , except that here all nucleon-nucleon interactions include both direct and exchange terms and with appropriate modifications of matrix elements to take into account recoil and the weak binding assumption. It can immediately be deduced using the techniques outlined in Appendix D that an alternative expression for the operator in B-space,T
W B
0,0 , iŝ
where, in the notation of eq.(83),
andÛ W Bopt is defined as in eq.(D8) of Appendix D withV replaced byÛ W B . This implies that according to the definition (31) of Section II C, in the weak-binding limit the optical potential operator is
In particular, if the incident energy is below the threshold for exciting the target the operatorÛ W Bopt is Hermitian and so is the predicted optical potential V opt . If all target excitations are neglected the corresponding optical potential is the ground state expectation value of the truncated nucleon-nucleon potential defined inÛ W B , eq.(83).
It also follows from this analysis that in the weak-binding limit Watson's multiple scattering theory and the associated optical model can be modified to include antisymmetry and translational invariance by simply replacing the nucleon-nucleon interaction by the antisymmetrised and truncated form that appears in eq.(83). This result is consistent with the work of [8] on the weak binding limit and described in [7] , pages 775-780, but without recoil corrections.
V. NUCLEON SINGLE-PARTICLE GREEN'S FUNCTION AND THE DYSON SELF-ENERGY.
A. The single-particle Green's function.
The off-shell elastic transition operator defined by eqs.(36), (37) and (70) has the form
The requirements of translation invariance lead to the different energy parameters in the denominators of the two terms on the right. Correspondingly, the usual definition of the nucleon single-particle Green's function that ignores translational invariance must be modified. The definition used here for general complex ω is
This differs from the usual definition, e.g., [5] , eq. A ǫ k , ǫ k ′ = ǫ k . It will be shown below that these differences are essential if the Green's function is to have the standard relation to the on-shell transition matrix, [5] , eq.3.66 page 321. The derivation of the relation between this Green's function, the free Green's function for a particle of reduced mass A (A+1) m, and the transition operator defined in a momentum basis by eq.(23) uses similar techniques to [5] . Frequent use is made of the relation (13), but with an abbreviated notation. The integers 1 and 2 will replace k ′ and k, respectively, and J 1 and J † 1 will denote
In this notation eq. (13) becomes
The second term in G 0,0 (2, 1; ω), eq. (88) gives
where use has been made of
together with the fact that inside the matrix element in eq.(93) the Fock-space momentum operator P has the eigenvalue −k 2 . Hence
Using very similar analysis the first term in G 0,0 (2, 1; ω) gives
Putting together the results (96) and (95) gives
This differs from the off-shell transition matrix defined by eq.(87), which in the present notation readŝ
Note the different denominators in the third terms on the right in eqs. (98) and (99). However, fully on-shell, when ǫ 1 = ǫ 2 and ω = (A+1)
in the limit ǫ → 0 + . In addition, in the same limit, eq. (97) gives
in agreement with the standard relation between G 0,0 and the on-shell elastic transition matrix given in [5] 
where g 0 is the Green's function for a free particle of mass A (A+1) m defined in eq.(27).
C. The Dyson self-energy and an alternative definition of the optical potential.
In [9] , Section II eqs. (5) and (6), the optical potential operator is defined (in the plane wave basis used here) as the Dyson self-energy Σ ′ through the relation
In Section II C the optical model operator is defined in eq.(32) in terms of the transition operatorT 0,0 . The connection between the optical potential defined through eq.(103) and the transition operatorT ′ 0,0 follows from
These can be deduced from eq.(102) and together with the definition (103) give
This result means Σ ′ is related toT The Dyson self-energy Σ ′ is defined here using a one-particle Green's function, eq.(88) and a free Green's function g 0 , both modified to take into account the requirements of translational invariance. The resulting optical potential differs from the quantity defined in eq.(32) of Section II C becauseT ′ 0,0 =T 0,0 off-shell. Note however that when ω = (A+1) A ǫ 1 , ǫ 2 arbitrary, i.e., half on-shell, the two transition matrices are equal and therefore the distorted waves generated by the two optical potentials will be identical according to eq.(26). Of course, both these optical potentials will differ from the calculations of [9] because the Green's function that appear in eq.(103) differ in two ways to those used in [9] :
(i) The 1/A factors that appear in the denominator in the second term in eq.(88).
(ii)The matrix elements definingĜ 0,0 in eq.(88) and used to define an optical potential through eq.(103) involve a mixed basis with a localised ground state in the bra and a state of definite total momentum in the ket.
Expressions for the time-dependent one-particle Green's function equivalent to the definition (88) can be found in Appendix E.
VI. DISCUSSION AND CONCLUSIONS.
It has been shown how a nucleon optical model operator for an A-nucleon target can be consistently defined within a translation invariant, completely antisymmetrised many-body theory without reference to a mean field concept. The distorted wave generated by the optical model potential defined in this way satisfies a quasi one-body scattering equation for a particle with a mass equal to the nucleon-target reduced mass. The distorted wave incorporates other recoil-effects exactly within a vector space referred as B-space where the configuration space operatorr can be interpreted as the separation of the incident nucleon and the target centre-of-mass. The basis of the method is the definition of a specific off-shell extension of the many-body transition matrix. This is used to define the optical model operator as the solution of an integral equation in barycentric space.
The particular off-shell extension chosen is shown to satisfy rotational invariance and to have properties under time reversal that agree with standard conventions. It is also shown that when 'heavy particle stripping " is ignored the transition matrix can be expressed entirely in terms of matrix elements in the A-nucleon sub-space of a one-body interaction constructed from the nucleon-nucleon interaction with exchange. Similarly, the 'heavy particle stripping" term can be expressed in terms of matrix elements of the nucleon-nucleon interaction in the (A − 1)-nucleon subspace.
Because the method is based on the transition matrix it is straightforward to relate it to standard methods based on the one-nucleon G-matrix and the Dyson self energy. The modifications of the definition of the G matrix necessitated by translational invariance result in an optical potential that differs from the one defined in Section II, although the corresponding distorted waves are identical if a translationally invariant transition matrix is used in both cases.
In the method described here any theory that generates a calculation of the off-shell extension of the many-body elastic transition matrix defined in eq.(20) or eq.(23) leads to a corresponding optical model operator through eq.(31). Knowledge the off-shell elastic transition matrix alone is sufficient to calculate the optical model distorted wave through eq.(24) or eq.(26), and there is then no need to make the final step to calculate the optical potential. However, an important application of the nucleon optical model concept is to few-body theories of composite particle reactions, e.g., the A(d, p)B reaction, as a tool for nuclear structure studies. For recent reviews to theoretical and experimental work see [10] and [11] and references therein. For these developments knowledge of the non-local nucleon optical model operator itself is essential.
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Support from the UK Science and Technology Facilities Council through the grant STFC ST/000051/1 is acknowledged. where the fact that | Ψ(0, x = 0) is an eigenfunction with eigenvalue, E 0 , of the A-nucleon intrinsic Hamiltonian, H − P 2 2Am , has been used in the second line. Within the matrix element in eq.(70) P has the eigenvalue −k and eq.(C1) gives
For A = 1 the bra Ψ(0, x = 0) | a † k ′Ĥ vanishes and the identity (C1) is not useful.
